Abstract The structure and chaperone function of DmHsp22WT, a small Hsp of Drosophila melanogaster localized within mitochondria were examined. Mutations of conserved arginine mutants within the alpha-crystallin domain (ACD) domain (R105G, R109G, and R110G) were introduced, and their effects on oligomerization and chaperone function were assessed. Arginine to glycine mutations do not induce significant changes in tryptophan fluorescence, and the mutated proteins form oligomers that are of equal or smaller size than the wild-type protein. They all form oligomer with one single peak as determined by size exclusion chromatography. While all mutants demonstrate the same efficiency as the DmHsp22WT in a DTT-induced insulin aggregation assay, all are more efficient chaperones to prevent aggregation of malate dehydrogenase. Arginine mutants of DmHsp22 are efficient chaperones to retard aggregation of CS and Luc. In summary, this study shows that mutations of arginine to glycine in DmHsp22 ACD induce a number of structural changes, some of which differ from those described in mammalian sHsps. Interestingly, only the R110G-DmHsp22 mutant, and not the expected R109G equivalent to human R140-HspB1, R116-HspB4, and R120-HspB5, showed different structural properties compared with the DmHsp22WT.
Introduction
Small heat shock proteins (sHsps) are low molecular weight chaperones involved in protein folding (Bakthisaran et al. 2015; Basha et al. 2012; Haslbeck and Vierling 2015; Jee 2016; McHaourab et al. 2009 ). They are found in all organisms including cyanobacterial viruses (Bourrelle-Langlois et al. 2016; Maaroufi and Tanguay 2013) . Small Hsps are expressed under various stress conditions as well as during development in a cell-specific pattern (Arrigo and Tanguay 1991; Marin et al. 1993 Michaud et al. 1997; Michaud and Tanguay 2003; Morrow and Tanguay 2003 , 2015 . Their molecular weight vary between 12 and 43 kDa (Sudnitsyna et al. 2012; Tyedmers et al. 2010) , and their primary structure is subdivided in three domains: an alpha-crystallin domain (ACD), flanked by a highly variable N-terminal sequence (NTS) and a C-terminal extension (CTE) (Basha et al. 2012; Delbecq and Klevit 2013; Kappe et al. 2010) . Small Hsps form homo-and hetero-oligomers with highly dynamic quaternary structure (Baldwin et al. 2011a, b; van Montfort et al. 2001) , which can bind to misfolded proteins and prevent their aggregation. They are involved in maintaining protein homeostasis of the cell in an ATP-independent manner (Biswas and Das 2004; Boncoraglio et al. 2012; Ghosh et al. 2006; Giese and Vierling 2002; Hilton et al. 2013; Muchowski and Clark 1998; Stengel et al. 2010; Vos et al. 2008) . The sHsp dimer is defined as the building block of higher-order sHsp structures. Dimerization in the ACD domain occurs in two different ways (Baldwin et al. 2011a; Hilton et al. 2013; Jehle et al. 2009; Laganowsky et al. 2010) . Indeed, in mammalian sHsps, elongated ß6 + 7 strands of each monomer assemble together in an antiparallel orientation to form dimers. However, in plant and lower organisms, dimerization occurs via reciprocal interaction between a ß6 strand of one monomer into the ß-sandwich of the neighboring monomer (Bagneris et al. 2009; Hilario et al. 2011; Kim et al. 1998; Laganowsky et al. 2010; Takeda et al. 2011; van Montfort et al. 2001) . As sHsps are involved in many intracellular processes, it is not surprising that mutations within these proteins have been associated with different congenital diseases (Boncoraglio et al. 2012; Clark et al. 2012; Litt et al. 1998; Sun and MacRae 2005; Vicart et al. 1998) . Among those, the mutation of a conserved arginine with a glycine have shown drastic effects: R120G in HspB5 is associated with myopathy, cardiomyopathy, and cataracts (Clark et al. 2012; Clark and Muchowski 2000) and R140G in HspB1 is associated with distal hereditary motor neuropathy and/or Charcot-Marie-Tooth disease type 2 (Houlden et al. 2008; Ikeda et al. 2009 ).
Drosophila melanogaster has 12 sHsps (Morrow and Tanguay 2015) . DmHsp22 is a unique member of this family as it localizes to mitochondria where it is found in the matrix (Morrow et al. 2000) . It shows a specific developmental expression pattern and has been associated with increased lifespan and resistance to oxidative stress (Michaud et al. 2002; Morrow et al. 2004) .
Little is known about the quaternary structure of this protein. DmHsp22 containing three arginines (R) in the ACD at positions R105, R109, and R110 are found in almost all sHsps and are thought to play an important role in the higher structure of sHsps (Bova et al. 1999; Nefedova et al. 2013) . Furthermore, the importance of conserved arginine, a charged and bulky amino acid involved in the formation of salt bridges through positive charge of guanidine group, needs to be characterized not only in humans.
Recently, Moutaoufik et al. (2016) described the structure and chaperone-like activity of three highly conserved arginine mutants within the ACD of Drosophila nuclear DmHsp27 (R122G, R131G, and R135G). Here, we examine the quaternary structure and chaperone-like activity of mitochondrial DmHsp22 and arginine mutants within the ACD domain.
Materials and methods

Amino acid sequence alignment
Sequence alignment of DmHsp22 with DmHsp27 and human sHsps including HspB1, HspB4, and HspB5 in the region of ACD was analyzed using multiple sequence alignment program (Clustal W). (Weeks et al. 2007 ) and Gibson assembly (New England Biolabs). Arginine to glycine mutants in the ACD of the DmHsp22WT were constructed by using suitable oligomers (Invitrogen) ( Table 1) and sitedirected mutagenesis.
The DmHsp22WT and its arginine mutants were expressed in BL21 (DE3)-competent Escherichia coli (New England Biolabs). Transformed bacteria were grown in 10 ml LB broth Miller (EMD Chemicals Inc) containing 100 μg/ml ampicillin (Biobasic Canada) at 37°C overnight. Growing bacteria was transferred into 490 ml broth Miller containing ampicillin at 37°C until the optical density at 600 nm was equal to 0.4-0.6. Protein expression was done at 30°C for 5 h with isopropyl-β-thiogalactoside (IPTG; Roche Applied Science) at a final concentration of 0.4 mM. Bacterial cells were harvested by centrifugation at 6000×g for 15 min and were frozen at −80°C.
Purification of recombinant proteins
For protein purification, the bacterial pellet was resuspended in a binding buffer (20 mM Tris/HCl, pH 7.9, containing 0.5 M NaCl and 5 mM imidazole) supplemented with 0.01 mg/ml of DNAse and 4 mM of phenylmethyl sulfonyl fluoride (PMSF; Sigma-Aldrich) and lysed using French press (SLM Aminco). The bacterial lysate was centrifuged at 10,000×g for 30 min at 4°C, and the supernatant obtained from centrifugation was loaded on 1.5 ml-charged nickel agarose beads (Ni-NTA; Qiagen) equilibrated with a 10 ml binding buffer. The column was washed with 40 ml of wash buffer (20 mM Tris/HCl, pH 7.9, containing 0.5 M NaCl and 60 mM imidazole). Proteins binding to the column were then eluted by applying 10 ml of elution buffer (20 Mm Tris/HCl, pH 7.9, containing 0.5 M NaCl and 1 M imidazole). Eluted proteins were then subjected to dialysis in TEN buffer (20 mM Tris/HCl, pH 7.9, containing 0.1 mM EDTA and 100 mM NaCl) three times for 2 h at 4°C. Dialyzed samples were concentrated using Amicon Ultra-2 ml 10 kDa cutoff centrifugal filter units (Merck Millipore) to a 500 µl final volume. Protein concentration was measured using Bradford protein assay kit (Bio-Rad Protein Assay). The 6His-SUMO tag was then removed using a purified SUMO hydrolase enzyme for 1 h at 30°C at a ratio of 1 μg SUMO hydrolase to 100 μg of each recombinant protein. The hydrolysate was then subjected to size-exclusion chromatography (SEC) on a Superose 6 10/ 300 GL column (GE Healthcare Life Sciences) to remove digested tag from the pure proteins. The purified proteins (5-10 mg/500 ml of growth media) were collected and kept at −80°C in TEN buffer.
Fluorescence spectroscopy
Trp fluorescence intensity of DmHsp22WT and its arginine mutants was measured at 20°C in buffer F (20 mM HEPES/ NaOH, pH 7.9, containing 100 mM NaCl) as a function of wavelength (Bushueva et al. 1980) . The protein concentration for this assay was 0.1 mg/ml. Fluorescence spectra was excited at 295 nm and recorded in the range of 300-400 nm (both slit width 5 nm) in thermostated cells (Varian Cary Eclipse spectrofluorometer).
Dynamic light scattering
Dynamic light scattering (DLS) experiments were performed using a DynaPro dynamic light scattering instrument (Wyatt Technology Corp, Santa Barbara, CA) (Michiel et al. 2009 ). The laser light source wavelength was 830 nm, and scatter light was collected at 90°using an optic fiber. Protein samples were first filtered through a 0.22 µm filter before loading. DLS buffer was 20 mM HEPES/NaOH (pH 7.9, 100 mM NaCl). The assay's temperature was adjusted using a Peltier cell ranging from 8 to 55°C and a protein concentration was between 3 and 5.6 mg/ml (136 to 255 μM). Each single-intensity measurement lasted for 10 s and totally up to 1 h for every condition. Dynamic regulation method version 6 (V6) software was used to obtain a hydrodynamic radius (Rh) and standard deviation (polydispersity (%P)) (Michiel et al. 2009 (Michiel et al. , 2010 .
Size-exclusion chromatography
Purification of the recombinant proteins and analysis of their quaternary structure were performed by SEC using a Superose 6 10/300 GL column (GE Healthcare Life Sciences) equilibrated with TEN buffer (20 mM Tris/HCl, pH 7.9, 0.1 mM EDTA and 100 mM NaCl). The proteins were centrifuged for 15 min at 10,000×g to remove aggregated proteins, and the supernatant was loaded onto the column. For analytical SEC, 100 μl of each sample containing 200 or 400 μg of proteins were injected into the column. Analytical SEC was run at room temperature at a flow rate of 0.5 ml/min in TEN buffer.
Protein elution volume was monitored by absorbance at 280 nm. The column was calibrated with molecular weight standard immunoglobulin M (IGM) from bovine serum (970 kDa) and the High Molecular Weight Gel Filtration Calibration Kit (GE Healthcare) containing thyroglobulin (669 kDa), ferritin (440 kDa), aldolase (158 kDa), and conalbumin (75 kDa). Five hundred microliters of eluted fractions were collected to be analyzed later by means of SDS-PAGE and native gels.
SDS-PAGE and native gels
The purified proteins were analyzed on 12% SDS-PAGE under reducing condition and stained using Coomassie Brilliant Blue (Laemmli 1970) . Native polyacrylamide gel electrophoresis was performed in Novex™ in 4-12% Tris-glycine gel (Life Technologies) under non-denaturing (native) conditions. In this system, proteins are separated based on their charge to mass ratios. Twenty-five micrograms of each newly purified protein was added to the native sample buffer and run at 4°C with a constant voltage (125 V). Both upper buffer chamber and lower buffer chamber were filled with native electrophoresis buffer (100 mM Tris base and 10% glycine at pH 8.3). XCell SureLock Electrophoresis Cell was used to hold the gel and buffer. Protein weight standards (eight protein bands ranging in molecular weight from~20 to 1200 kDa; Life Technologies) were used to determine molecular weight under native electrophoresis conditions.
Heat-induced aggregation assay
Chaperone-like activity of DmHsp22 and its arginine mutants was determined by their ability to prevent aggregation of several model substrates: luciferase (Luc; 0.1 μM; molecular weight (MW) 61 kDa; Promega), citrate synthase (CS) from pig (0.16 μM; MW 51 kDa; Sigma), and malate dehydrogenase (MDH) from pig heart (0.65 μM; MW 35 kDa; Roche).
Protein substrates were heat denatured at 42°C for Luc and 45°C for CS and MDH. Time duration for this assay was 30 min for Luc and 90 min for CS and MDH. All substrates Primers are listed in the 5′ → 3′ direction. The mutation sites are underlined
Oligomeric structure and chaperone-like activitywere heat denatured in the absence or presence of either DmHsp22 or its arginine mutants equal to 0.05 μM for Luc assay, 0.33 μM for CS, and 0.65 μM for MDH. All assays were performed in 1 ml total volume in semi-micro-cuvettes (Sarstedt) by light scattering at 320 nm on a spectrophotometer with thermostated cells (Varian Cary 100, Montreal, Quebec, Canada) in HEPES buffer (50 mM HEPES-KOH, pH 7.5) (Fernando and Heikkila 2000; Morrow et al. 2006) . Data are representative of three different assays and are expressed as the mean ± standard deviation.
DTT-induced insulin assay
Insulin solution from bovine pancreas (52 μM; Sigma) was used as protein substrate for dithiothreitol (DTT)-induced insulin aggregation assay at 37°C. All the samples were centrifuged for 15 min at 10,000×g before starting the assay to prevent the presence of any aggregated protein. The assay mixture containing 52 μM insulin in the presence of 7.5 μM of DmHsp22 or its mutants was pre-incubated for 10 min at 37°C in buffer I (50 mM potassium phosphate, pH 8, 100 mM NaCl). DTT-induced aggregation of insulin was followed by adding 60 μl of 1 M DTT (Bio-Rad) in order to reduce disulfide bonds in insulin (Muranova et al. 2015; Sluchanko et al. 2014 ) and was monitored in a spectrophotometer with thermostated cells (Varian Cary 100) at 340 nm.
Results
Sequence alignments and protein production
Sequence alignments of DmHsp22 with human HspB1, HspB4, HspB5, and D. melanogaster Hsp27 in the region of ACD are shown in Fig. 1a . In this sequence alignment, R105 and R109 in DmHsp22 are located at highly conserved places in the ACD primary structure. R109 is conserved with R135-DmHsp27, R140-HspB1, R116-HspB4, and R120-HspB5 while R105 from DmHsp22 is conserved with R131-DmHsp27, R136-HspB1, R112-HspB4, and R116-HspB5. Furthermore, the R110 residue in the primary structure of DmHsp22 is similar to the R117-HspB4 and is replaced with lysine residues in K136-DmHsp27, K141-HspB1, and K121-HspB5 according to the sequence alignment. Given the importance of ACD arginine for structure and function of other sHsps, each DmHsp22 arginine was mutated to glycine and a double mutant was also constructed (R109GR110G) (Fig. 1a) .
As can be seen in Fig. 1b , the purified proteins were soluble and pure in SDS-PAGE and were migrating around 20 kDa. a b Fig. 1 Primary structure and sequence homology of DmHsp22. a Amino acid sequence alignment of ACDs of DmHsp22 (P02515) and DmHsp27 (P02518) and human HspB1 (P04792), HspB4 (P02489), and HspB5 (P02511) were performed using multiple sequence alignment program (Clustal W). Block columns represent completely conserved amino acid residues. b Twenty-five micrograms of each single arginine mutant in addition to the recombinant DmHsp22WT protein were loaded on 12% SDS-PAGE. M protein molecular weight marker. Proteins were visualized by using Coomassie Brilliant Blue staining G250
The yield of each protein after purification was around 5-10 mg/500 ml of bacterial media.
Fluorescence spectra of the DmHsp22WT and its ACD arginine mutants
Intrinsic fluorescence properties of tryptophan residues are sensitive indicators of proteins' conformational behavior whose measurement depends on the microenvironment (Ghisaidoobe and Chung 2014) . The N-terminal sequence of the DmHsp22 contains four tryptophan (W) residues (W8, W34, W42, and W48). The fluorescence spectra of DmHsp22 and the arginine mutants had a similar excitation maximum located at 330-350 nm (Fig. 2) . The fluorescence intensities for arginine mutants R105G, R109G, and R110G were almost similar and slightly higher than that of DmHsp22WT, while the position and shape of maximum fluorescence was the same. Thus, tryptophan residues of these three arginine mutants did not show significant differences in tryptophan fluorescence exposure compared with the WT protein (Fig. 2) . Therefore, tryptophan environment is stable in all the cases and the mutations do not seem to have a significant influence on tryptophan exposure within the N-terminal region.
Thermal transition of Hsp22 and its ACD arginine mutants sHsps are dynamic molecules under physiological conditions, and the rate of subunit dissociation and re-association is strongly dependent on temperature (Fu and Chang 2004) , which is necessary for their chaperone-like activity (Fu et al. 2003) . DLS was therefore performed to determine the size and the thermal stability of DmHsp22 and its ACD arginine mutants. DLS was performed at different temperatures ranging from 8 to 55°C to investigate conformational changes in the oligomeric structure due to temperature. At 8°C, DmHsp22 has a Rh of 7.9 nm and 31% of polydispersity (Fig. 3a) . From 8 to 15°C, the Rh shows a slight decrease and reaches 7.3 nm at 15°C. From 15 to 45°C, the Rh is stable in the case of WT protein, and from 45 to 55°C, the Rh exhibits an increase to reach a Rh of 8.1 nm (Fig. 3d ). The R105G mutant shows the same trend as DmHsp22WT (Data not shown). The behavior of R109G mutant is also very similar to that of DmHsp22WT protein with a Rh of about 7.9 nm and polydispersity of 42% at 8°C (Fig. 3b) . The Rh of R109G decreases slowly from 15 to 25°C and reaches 7.3 nm at 25°C (Fig. 3d) . From 25 to 35°C, the Rh increases lightly to reach 7.6 nm. From 35 to 45°C, the Rh is stable and then goes up which subsequently rises as shown by a slight increase to 7.8 nm at 55°C (Fig. 3d) . The size of the particles formed by the R110G mutant is smaller than DmHsp22WT and R109G. In this mutant, the Rh is stable c e a b d Fig. 4 SEC of the DmHsp22WT and arginine mutants. a-e Analytical SEC of the WT and arginine mutants were performed on a Superose 6, 10/ 300 GL column at room temperature. Two different quantities of each protein after purification were injected on SEC column (400 and 200 μg of each sample as indicated in the curves). Elution volumes of proteins were measured at absorbance of 280 nm. In analytical SEC, DmHsp22WT protein was eluted as a single peak of~790 kDa. For other injected samples, single peak of elute volume was at~763, 680, Remove and 369 or 424 and 790 kDa corresponding to the R109G, R110G, R109GR110G at two different concentrations, and R105G, respectively. The molecular weight standards are indicated at the top of each curve. Each color in the curves show an identified sample as indicated in the curves (a-e). Solid lines representing higher quantity of each protein (400 μg), and dashed lines indicate lower quantity of each sample (200 μg) around 6 nm from 8 to 35°C (Fig. 3c, d ). At 45°C, the Rh exhibits a continuous increase to reach 8.3 nm at 55°C (Fig. 3d) . Up to moderately high temperatures, the DLS analysis detected only one single population with a relatively large polydispersity (around 40%). It is worth noticing that for globular and monodisperse proteins, the polydispersity is expected to be below 20% (Roebben et al. 2015) . For the DmHsp22WT, the percentage of polydispersity indicates a stable behavior of up to 55°C ranging from 39 to 44%. In contrast, for the R109G and R110G mutants and at high temperature, the DLS started to detect two populations, each having a smaller polydispersity, 16 and 13% at 55°C, respectively. The new population observed in DLS would be due to the appearance of a large oligomer corresponding to 24% of the mass for R109G and 48% of the mass for R110G at 55°C.
Mutation of arginine residues in the ACD influences the oligomeric structure of DmHsp22
The results of DLS were next confirmed by SEC and native gel electrophoresis. These methods are complementary giving information on the molecular sizes of the oligomers as well as their distribution (Delbecq and Klevit 2013; Michiel et al. 2009 Michiel et al. , 2010 Moutaoufik et al. 2016) . The oligomeric structure of DmHsp22 and its arginine mutants were investigated by size-exclusion chromatography. The DmHsp22WT protein showed one large single peak eluting at a volume of 12.8 ml on the SEC column and corresponding to an apparent molecular weight of~790 kDa (Fig. 4a) . The oligomers formed by DmHsp22WT at two concentrations are stable with respect to the position and shape of their peak, which means they are independent from the quantity of protein injected to the column (Fig. 4a) . R109G was eluted as a single peak with a small shift towards an elution volume of 13 ml compared with the DmHsp22WT protein, giving a molecular weight of~763 kDa on SEC (Fig. 4b ). R110G had a smaller apparent molecular weight of~680 kDa compared with the DmHsp22WT (Fig. 4c) . Elution profile of R109G and R110G were stable and independent from the protein quantity. The elution profile of the double R109GR110G mutant showed a wider elution profile at two different protein concentrations (Fig. 4d) . Injecting 400 μg of this double mutant protein indicated an elution volume of~15.9, corresponding to a single peak with an apparent molecular weight of 369 kDa, while decreasing the amount of the protein to 200 μg which resulted into an elution volume of~15.5, corresponding to a single peak with an apparent molecular weight of~424 kDa (Fig. 4d) . Similar to the WT protein, R105G produces a curve with an elution volume of~12.8, corresponding to an apparent molecular weight of~790 kDa (Fig. 4e) .
Native-PAGE electrophoresis was also used to confirm the result of SEC. For DmHsp22WT, R109G, and R105G, native electrophoresis supports the result of SEC and molecular weight of the proteins in native gel is comparable with the molecular weight observed by SEC. For example, R105G shows one band at lighter MW position than DmHsp22WT of~720 kDa (Fig. 5a ). In contrast, R110G and the double mutant R109GR110G do not form one single band in native gel, which makes interpretations difficult on their behavior on native gel. This might be due to the native gel method, which shows a different representation of dynamic subunit exchange behavior of proteins compared with SEC and DLS. Behavior of these arginine mutants of DmHsp22 differs from that of human HspB1 that form larger oligomers compared with the wild-type proteins (Fig. 5b) (Bova et al. 1999 ).
Chaperone-like activity
One of the common functions of many sHsps is their ability to prevent the aggregation of different protein substrates especially under stressful conditions. The chaperone-like activity of DmHsp22WT and its arginine mutants were tested in in vitro assays using different substrates namely Luc, insulin, CS, and MDH.
DmHsp22WT prevented heat-induced aggregation of Luc with 93% efficiency at a molar ratio of 0.5:1 μM of DmHsp22 to Luc. Mutants R110G and R109GR110G were similarly a b Fig. 5 Novex™ 4-12% Tris-glycine native gel analysis. a Twenty-five micrograms of DmHsp22WT and its arginine mutants after Bradford protein assay were loaded on 4-12% Tris-glycine native gel at 4°C to compare the oligomeric profiles of proteins. b Native gel analysis of the human R140G-HspB1 versus HspB1WT. Twenty-five micrograms of each purified protein were loaded on 4-12% Tris-glycine native gel and separated either at 4°C. Proteins were visualized by using Coomassie brilliant blue staining G250 effective with a very light decrease compared with the WT (87 and 89% efficiency, respectively) (Fig. 6a, b ). DmHsp22WT provided a 95% protection against aggregation of CS at a molar ratio of 2:1. Mutants R105G and R110G also retarded aggregation of CS (88 and 90%, respectively) (Fig. 7a, b) . Interestingly, DmHsp22WT is less efficient than the mutants to prevent heat-induced aggregation of MDH at a molar ratio of 1:1 of WT to MDH (0.65 μM). The percentage of efficiency observed by WT was about 81%, while all the mutants showed a 94-96% efficiency to protect MDH as a substrate (Fig. 7c, d ).
In the reduction-induced aggregation of insulin assay, all the samples including DmHsp22WT and all the arginine mutants possessed efficiency to protect aggregation of substrate with the ratio of 1:7 (Hsp22/insulin). In this case, the percentage of protection was between 92 and 95% for all the proteins (Fig. 6c, d) . We obtained the same results at 24°C for insulin assay (data not shown).
In summary, mutating the arginine residues to glycine in the ACD at positions R105, R109, and R110 of DmHsp22 did not change their chaperone-like properties in these common assays.
Discussion
The highly conserved ACD has been suggested to play a role in assembly of the oligomeric structure of sHsps (Bagneris et al. 2009; Baranova et al. 2011; Clark et al. 2011; Jehle et al. 2009; Laganowsky et al. 2010) . Results from gel filtration showed that mitochondrial DmHsp22WT forms oligomer in its native state with molecular weight in the range of HspB1 and HspB5 (Morrow et al. 2000) . It was therefore of interest to see how this mitochondrial small Hsp and its arginine mutants are organized. In SEC, DmHsp22WT forms one single symmetric peak with an apparent molecular weight around 790 kDa, which is larger than oligomeric peaks formed in the case of human HspB1 and HspB5 whose average molecular masses are around 450 and 620 kDa at 20°C, respectively (Bova et al. 1999; Kumar et al. 1999; Skouri-Panet et al. 2012; Sudnitsyna et al. 2012) .
Arginine to glycine missense mutation in the ACD of human sHsps has been reported to be associated with human congenital diseases and was found to modify protein structure and chaperone-like activity (Bova et al. 1999) . Thus, we examined the influence of such mutations on the structure a b c d Fig. 6 Chaperone-like activity of DmHsp22WT and its arginine mutants by using luciferase (Luc) (a, b) and insulin (c, d) as protein substrates.
The heat and DTT-induced aggregation of Luc and insulin were assayed using absorbance at 320 nm for Luc assay and 340 nm for DTT-induced insulin aggregation assay at different temperatures (42°C for Luc and 37°C for DTT-induced aggregation of insulin). a, b Heat-induced aggregation of Luc (0.1 μM) was measured for 30 min in HEPES-KOH 50 mM (pH, 7.5) to make the molar ratio of 0.5:1 for sHsp to substrate. c, d DTT-induced aggregation of insulin (52 μM) in 10 mM potassium phosphate buffer (pH, 7.9) containing 100 mM NaCl was measured in absence or presence of DmHsp22WT or arginine mutants (7.57 μM). The final molar ratio of sHsps to insulin is 1:7. These results are representative of three independent experiments and function of DmHsp22. Our study showed that a mutation in R109G equivalent with R140-HspB1, R116-HspB4, and R120-HspB5 in humans located in the highly conserved ACD did not result in the structural disruption of the oligomeric structure. This contrasts with the mutations in human R140G-HspB1, R116C-HspB4, and R120G-HspB5, which give rise to higher molecular weight oligomers compared with the WT protein (Bova et al. 1999; Cobb and Petrash 2000; Kumar et al. 1999; Michiel et al. 2009; Nefedova et al. 2013 ). According to our results, R109 is not involved in oligomer formation which is in agreement with the fact that in some variants of DmHsp22 in D. melanogaster, arginine 109 residue is replaced with glycine (Southgate et al. 1983 ).
In contrast, we found that the neighboring R110 residue, which is conserved in R117-HspB4 and is replaced with lysine amino acid in human HspB1 and HspB5 and in DmHsp27 could induce an effect on the oligomeric structure of DmHsp22 observed as formation of smaller oligomer by three different methods, DLS, size-exclusion chromatography, and native gel electrophoresis. The conformational changes due to R110G are similar to the mutant R148G-Hsp27 from Chinese hamster (Chavez Zobel et al. 2005) . Similarly, the R110G double mutant (R109GR110G) disrupted the oligomeric structure to smaller oligomers. The influence of two mutants R110G and R109GR110G on the structure of DmHsp22 showed that R110 (and not R109) residue was involved in the formation of oligomeric structure of DmHsp22 and its dimeric structure. Mutant R105G in the ACD of DmHsp22, which is equivalent with R136-HspB4 in human and R131-DmHsp27 gives oligomer with the same molecular weight as the WT protein as shown in SEC analysis. Interestingly, such a mutation in DmHsp27 forms larger oligomers equal to 1100 kDa according to the SEC result (Moutaoufik et al. 2016) .
According to the results of DLS, increasing temperature from 8 to 55°C resulted in very few modifications in Rh and polydispersity for the DmHsp22 and the R109 mutant (Rh of 7-8 nm). In the case of the R110 mutant, the Rh is smaller (6 nm at 8°C) and increases to approximately 9-10 nm at high temperature. Human HspB5 possesses the lowest polydispersity at 37°C (Michiel et al. 2009 ). Different mutants of HspB5 showed their own behavior in DLS. For example, mutant R120G-HspB5 remains stable between 37 and 45°C (Rh, 10.9 nm) then increases the Rh as a function of temperature and due to the formation of large MW aggregates (Michiel et al. 2009 ). The chaperone-like activity of DmHsp22WT in vitro was previously shown using citrate synthase and luciferase (Morrow et al. 2006) , and its characteristic as being a good chaperone in vitro may be an advantage for mitochondria, which are particularly sensitive to stress (Li et al. 2002; Marcillat et al. 1989; Zhang et al. 1990 ). The R110G and R109GR110G mutants caused a very light likely non-significant decrease in chaperone-like activity compared with DmHsp22WT using Luc as a model substrate. The effect observed are similar with the mutant K141Q of HspB1, which shows a chaperone-like activity slightly smaller than that of the WT protein in a lysozyme assay (Nefedova et al. 2013 ).
DmHsp22 and the ACD arginine mutants possess the same efficiency to protect insulin from aggregation with the molar ratio presented here equal to the 1:7 for sHsp/insulin. DmHsp22 protein and mutants R109G and R109GR110G are able to protect CS aggregation with the molar ratio of 2:1 for sHsp/CS to the same extent. However, a very slight decrease in efficiency was observed in the case of R105G and R110G. Interestingly, a l l t h e m u t a n t s a r e a b i t m o r e e f f i c i e n t t h a n DmHsp22WT in protecting aggregated MDH. This result is similar to a number of investigations, which indicate that mutations in certain residues of HspB1 (S135F, for example) increase the chaperone-like activity of corresponding mutants compared with the WT protein (Almeida-Souza et al. 2010 ). While our manuscript was finalized, Mymrikov et al. 2016 published a detailed study on the chaperone assays and reported that the efficiency of each human sHsp to suppress aggregation of different substrates was dependent on the substrate used and each human sHsps have its own chaperone activity (Mymrikov et al. 2016) .
In summary, mutations of three neighboring arginine residues located in the arginine-enriched region of the ACD have little influence on the DmHsp22 structure and chaperone-like activity. In contrast to the R140-HspB1, R116-HspB4, and R120-HspB5, R109-DmHsp22 does not seem to be involved neither in the formation of oligomers nor in dimeric interaction. The interactions between E93 and R110 of DmHsp22 in ionic bridge formation will be the subject of our future investigation plan. Finally, mutating the conserved R residues in the ACD did not significantly affect their activity as chaperone in a number of substrates in vitro assays.
